We report on the selective-area chemical beam epitaxial growth of InAs in-plane, one-dimensional (1-D) channels using patterned SiO 2 -coated InP(001), InP(111)B, and InP(110) substrates to establish a scalable platform for topological superconductor networks. Top-view scanning electron micrographs show excellent surface selectivity and dependence of major facet planes on the substrate orientations and ridge directions, and the ratios of the surface energies of the major facet planes were estimated. Detailed structural properties and defects in the InAs nanowires (NWs) were characterized by transmission electron microscopic analysis of cross-sections perpendicular to the NW ridge direction and along the NW ridge direction. Electrical transport properties of the InAs NWs were investigated using Hall bars, a field effect mobility device, a quantum dot, and an Aharonov-Bohm loop device, which reflect the strong spin-orbit interaction and phase-coherent transport characteristic in the selectively grown InAs systems.
I. INTRODUCTION
There is an increasing interest in one-dimensional (1-D) III-V semiconductor nanowires (NWs) proximitized by superconductors that can potentially be used to realize topological superconducting phases [1, 2] . Among III-V semiconductors, InAs and InSb have been of particular interest since InAs and InSb possess strong spin-orbit coupling and large g-factors. Indeed, signatures of Majorana zero modes have been experimentally observed from superconductor-paired InAs and InSb NWs prepared by vaporliquid-solid (VLS) epitaxy method [3] [4] [5] [6] .
Recently, as a method of realizing the in-plane 1-D channels, selective-area epitaxy has been used and growths of In(Ga)As and InSb lateral NW networks have been demonstrated by molecular beam epitaxy and metal-organic chemical vapor phase epitaxy [7] [8] [9] [10] [11] [12] [13] . Since the network patterning and NW synthesis can be batch processed, this approach can be considered scalable. A superconducting layer such as Al can also be deposited in vacuo on the clean sidewall of NWs in a controllable manner. While the design and manipulation of NW networks are limited in the VLS method, selective-area epitaxy (SAE) offers greater flexibility.
Chemical beam epitaxy (CBE) is known to be a highly suitable growth technique for SAE of semiconductors on dielectric-patterned substrates [14] . Use of metal-organic group-III precursor molecules in CBE renders an excellent surface selectivity in comparison to conventional solid-source molecular beam epitaxy that has a narrow window of growth conditions to achieve both good surface selectivity and good film morphology. As a result, selective-area CBE has been used to monolithically integrate InP-based optoelectronic devices [14] .
Here, we apply CBE to selectively grow in-plane InAs NWs on InP(001), InP(111)B, and InP (110) surfaces pre-patterned with SiO 2 layers. The dependence of the InAs morphology on the V/III ratio was first examined. Then, the optimum In-rich growth conditions were applied for SAE InAs NWs, exhibiting excellent surface selectivity. For the desired topological superconductivity studies, NWs with fewer defects and higher carrier mobility are required. We characterized structural and electrical properties of the InAs NWs as a function of substrate orientations and ridge directions. Furthermore, field effect mobility, spin-orbit interaction, electron g-factor, and phase coherence transport were investigated in the InAs NWs grown on InP(001) substrates.
II. EXPERIMENTAL
All the substrates used for SAE in this work are lithographically patterned, SiO 2 SAE was carried out in a VG-Semicon V80H CBE system. Trimethylindium (TMI -In[CH 3 ] 3 ) and thermally cracked arsine (AsH 3 ) and phosphine (PH 3 ) were used as source materials. A gas injector cell kept at 75°C was used for TMI and a modified low-pressure group-V hydride cracker cell kept at 1070°C was used for AsH 3 and PH 3 . The growth chamber base pressure was ≤ 1×10 -10 mbar but increased as high as ~2×10 -5 mbar during growth due to the large amount of H 2 created from the thermal decomposition of AsH 3 and PH 3 gases.
A piece (~77 mm 2 ) of reference InP(001) wafer was indium bonded onto the center of each 3-inch molybdenum sample holder for in-situ growth monitoring. Optical pyrometry and reflection high-energy electron diffraction (RHEED) were employed to measure the substrate temperature and characterize the surface during growth, respectively. The patterned substrates were cleaved into ~55 mm 2 -size square shapes, which were then co-mounted around the reference wafer on the same sample holder also using indium-bonding. In the VG-Semicon CBE system, the V/III ratios were controlled by regulating the pressure of the group-III and group-V precursor gas supply lines [15] . In general, the group-V line pressure was kept constant while altering the group-III line pressure.
Prior to growth, the native oxide was thermally desorbed from the substrate surface in a P 2 environment at ~520°C where the streaky (24) RHEED pattern is observed from the InP(001) reference sample. SAE was initiated by supplying TMI and growing a 9-nm-thick InP buffer layer. The line pressures for TMI and PH 3 were set to 0.5 Torr and 25 Torr, respectively. The resulting growth rate was ~0.5 monolayer (ML)/sec. Then, the TMI valve was closed and growth was interrupted with PH 3 for 30 seconds to smoothen the InP surface. InAs growth started by closing the PH 3 valve and opening the TMI and AsH 3 valves simultaneously. While the growth temperature was kept at 515~520°C, the V/III ratio was varied as a control parameter. To control the V/III ratio, the AsH 3 gas-line pressure was typically kept at 10 Torr and the TMI gas-line pressure varied. The TMI pressure was set to 0.3 Torr (~ 0.15 ML/sec) and 0.6 Torr (~ 0.60 ML/sec) for As-rich and In-rich growth, respectively. The transition from
As-stabilized InAs(001) (2x4) RHEED patterns to In-stabilized InAs(001) (4x2) RHEED patterns was observed when the TMI pressure was at around 0.5 Torr.
For transport studies of topological superconductivity, it is crucial to have an electrically transparent interface between a semiconductor and a superconductor as evidenced in epitaxial Al-InSb NW devices which demonstrated the theoretically predicted quantized conductance [16, 17] . We prepared the epitaxial Al in a separate ultrahigh-vacuum chamber interconnected to the CBE chamber. After the selective-area chemical beam epitaxy of the InAs NWs, we transferred the 3-inch molybdenum sample holder in vacuo.
The epitaxial Al was grown by molecular beam epitaxy at a growth rate of 0.16 nm/minute with the sample holder cooled down to ~ 80 K by liquid nitrogen on a cold-head manipulator. A clean interface between the Al and InAs was observed in an InAs NW along [100] direction grown on an InP (001) substrate. Low-temperature transport measurements of tunneling spectroscopy of normal-superconductor junctions show a hard superconducting gap, but the superconductivity study is beyond the scope of this paper.
The morphology of InAs NWs, crystallographic orientation of major facets, and surface selectivity were examined by a FEI Nova Nano 650 FEG SEM. High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) using a probe-corrected JEOL ARM200F and a FEI Titan 300 kV TEM/STEM system was used for cross-sectional analysis of the NWs. The cross-sectional specimens were prepared using focused Ga ion beam (FIB) etching. Before FIB etching, a thin carbon layer was thermally evaporated on the surface of NWs followed by deposition of a 2.5-μm-thick Pt protection layer in the FIB. FIB etching steps down to 2 kV were utilized to minimize possible damage to the lamella. The TEM lamella was moved directly to an oxygen plasma cleaner before it was loaded into TEM/STEM systems to minimize contamination.
Electrical transport properties of the InAs NWs were characterized by Hall measurements at 2 K using a Quantum Design Physical Property Measurement System (PPMS) with magnetic fields up to 14 T.
A standard lock-in technique was employed to measure the longitudinal voltage and Hall voltage in the Hall-bar geometry with an AC excitation current of 100 nA and a frequency of 13 Hz. The Hall bar channels with lengths of 800-1000 nm and widths of 140-180 nm were chosen for the measurements. For contact wiring, no post-growth fabrication was performed. Instead, indium dots were placed and annealed at 200°C for a few minutes on the grown InAs contact pads connected to the Hall bar channels, and the indium dots and pins on a measurement sample mount were connected via Au wires.
Further transport studies of field effect mobility, spin-orbit interaction, electron g-factor, and phase coherence were conducted. E-beam lithography followed by in-situ RF milling of the semiconductor surface before evaporating Ti/Au contacts was used to make electrical contacts to the InAs. A global [19, 20] . Schaffer et al. [21] found that InAs layers grown on GaAs(001) with In-rich condition exhibited improved structural and electrical properties. We grew InAs on InP (001) and Tu [24] found that V/III incorporation ratio close to unity yielded a good surface morphology.
These optimized In-rich growth conditions for InAs blanket growth on InP(001) were then applied to selective-area CBE of InAs in-plane NWs on SiO 2 -patterned InP surfaces. We found that InAs in-plane
NWs form well-defined facets on InP(001) and InP(111)B surfaces under the In-rich growth conditions whereas on InP(110) surface well-faceted InAs NWs are seen under As-rich conditions.
A. Facets and surface energies Thermodynamics suggests that the facets of a crystal are formed such that the total surface energy is minimized. Below we calculate the ratios among the surface energies of different facets using a generic model of a trapezoidal crystal cross-section, as illustrated in Fig. 1 (e). The area above the SiO 2 surface level is of interest for the calculation of the total surface energy per unit length along the NW, which is given by:
where 1 , 2 , 3 , 4 , and 5 represent the lengths of facets in the cross section, and 1 , 2 , 3 , 4 and 5 represent the surface energies of the facets.
For InAs NWs grown on an InP(001) substrate, the cross-sections of the NWs are symmetric
The cross-sectional area of the trapezoid as well as the width of a NW is set to be a constant.
The cross sections of the three types of NWs along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , [110] , and <100> directions on an InP(001) substrate are illustrated in Table I with the conditions of trapezoid side lengths, angle, and corresponding facet planes, obtained from the SEM studies in Fig. 1 . ).
Using the experimental results and applying Eq. (5), the ratio between (110) , (111) , (100) , and (111) can be estimated from different conditions of the three NW ridge directions:
Density functional theory (DFT) has been used to calculate the surface energies  for (110), (100), (111)A, and (111)B planes of InAs grown on GaAs(001) substrate as a function of As chemical potential at the surface [25] . For In-rich growth condition, the surface energies for the InAs planes are given by:
which is broadly in good agreement with the experimental results. The results from both our estimation and the DFT calculation by Moll et al. [25] suggest that (111)B facets are energetically unfavorable for
InAs crystal grown with In-rich growth condition, which explains our observation of the small sections of While the slanted {100} facet is one of the low-energy low-index planes, the vertical side-wall facet appears to be a high-index {11-2} plane.
Similarly to the surface energy estimation for InAs NWs grown on InP(001) substrates, we calculate the ratio between the surface energy (112) of {11-2} planes and other surface energies obtained previously, based on the conditions for the two types of NWs along <1-10> and <11-2> directions grown on an InP(111)B substrate as detailed in Table I .
The total surface energy per unit length of the trapezoid crystals grown on an InP(111)B substrate is
given by:
where 1 = 4 sin 2 + 5 and 1 = 5 . Here, the expression for area is the same as Eq. (3), and the width is give by:
By substituting 4 and 5 based on the area and the width equations [Eqs. (3) and (9) 
The ratio between (112) and (100) can be estimated by applying the conditions for NWs along <1-10> direction, shown in Table I . Including (112) in the previous result of Eq. (6) gives: 
The surface energy of InAs {11-2} plane has not been reported, to the best of our knowledge, while Jacobi et al. [26] theoretically studied the surface energy of faceted GaAs (112) planes where the results suggested that the surface energy of (112) plane is just slightly higher than those of low-index (110), InAs NWs grown on InP(110) substrates form well-defined facets under As-rich growth conditions.
The variation of the growth conditions from In-rich to As-rich condition could change the surface energy of each facet. Based on the DFT calculation by Moll et al. [25] , the surface energy for (111)B surface strongly depends on the As chemical potential at the surface, and for the As-rich growth condition: 
which is qualitatively consistent with the calculation for the low-index InAs facets for As-rich conditions by Moll et al. [25] . We note that the result of the ratio of (110) : (111) from the In-rich growth condition was also applied for the As-rich growth condition in Eq. (13), as the theoretical calculation show that As suggested by top-view SEM images shown in Fig. 1(d) , an InAs NW along [100] direction grown on an InP(001) substrate has a triangular cross-section with {011}-plane side facets, confirmed by HAADF-STEM in Fig. 4(a) . This InAs NW has a 7-nm-thick Al layer grown on it, and the interface between InAs and Al is atomically clean without an amorphous interfacial layer or secondary phases planes [27] . Charge transport properties of the InAs NWs may be affected by the defects and the correlated strain fields, and thus studies of defects and disorder in the SAE NWs could be important for potential electronic device applications.
We further investigate the defects formed along the ridge direction of the InAs NWs grown on substrates, are reproducible and identical in both positive and negative magnetic fields, which are referred to as the universal conductance fluctuations [28] . Weak localization (WL) correction to magnetoconductance has been reported in self-assembled and etch-defined InAs NWs in the case where the phase coherence length is smaller than the spin-orbit interaction length [29] [30] [31] . However, we do not attribute the negative magnetoresistance to WL because of the large amplitude of the conductance fluctuations in the InAs Hall bar channels, measured at 2 K. In the following section, weak antilocalization (WAL) correction to magnetoconductance will be further discussed using an InAs NW with a top gate.
Carrier density and charge mobility were calculated based on the results of the longitudinal resistance and Hall measurements. In addition, the electron mean-free path was calculated based on the carrier density and the mobility by = ℏ , where , ℏ, and are electron charge, reduced Planck constant, and the Fermi wave vector , respectively. Table II summarizes , 1000-5000 cm 2 /V s, and 20-100 nm, respectively. Due to difference in carrier density, direct comparison of charge mobility in various NWs is not viable. Gate-voltage tuning of the carrier density will be necessary for the comparison. The values of the obtained mobility are comparable to earlier measurements on InAs NWs. We speculate that by changing the buffer layer material or thickness the mobility can be further increased.
D. Phase-coherent quantum transport
Here, we further perform electrical transport characterization in SAE InAs NWs grown on InP (001) substrates. In order to obtain field effect mobility , conductance of an InAs NW structure along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction with the width ~ 140 nm was measured as a function of gate voltage at ~30 mK. In the case of diffusive transport, the conductance can be written as ( ) = 2 ( − ℎ ), where is the gate capacitance, is the gated segment length, and ℎ is the threshold voltage. By defining the transconductance = , for known C and , the field effect mobility can be determined. A linear fit to the steepest part of the pinch off curve yields the peak transconductance [red in Fig. 7(a) ]. From ~ 3.4
m and numerically simulated ~ 1.7 fF, we estimate a field effect mobility of ~2000 cm 
where the magnetic dephasing time is given by = 4 2 with being the diffusion constant and = √ ℎ being the magnetic length, which is on the order of the NW diameter for the fitting range ~0.18
T. The prefactor is geometry and system dependent. To allow for a comparison to previous work on InAs NWs we use = 3. The black lines in Fig. 7(b) show the fits of Eq. (14) to the data using a fixed .
The extracted and of ~140 nm and ~300 nm, respectively, are in agreement with previous experiments on InAs NWs [29] [30] [31] . As a function of gate voltage, both length scales and decrease at negative gate voltage [Figs. 7(c) and 7(d) ]. This reduction has been attributed to a suppression of spinorbit coupling in the NWs and thus the disappearance of the WAL peak [30, 31] , which is consistent with the data in Fig. 7(b) .
We now present measurements of the electron g-factor in the InAs structures along the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction. The inset of Fig 8(a) shows an SEM image of a device that was fabricated on a wide InAs slab and has two split-gate electrodes operating symmetrically with a gate voltage . When pinching off the two gates, sharp peaks in conductance were observed [ Fig. 8(a) ], which we interpret as the Coulomb blockade due to some accidentally formed quantum dot. We use bias spectroscopy to quantify the electron g-factor [32] . In Fig. 8 is the electron coherence length, and is a constant. We assume ∝ −1/2 , the case for a diffusive transport. The dependence assuming a ballistic transport ∝ −1 was attempted but did not fit as well.
The phase coherence length is found to be 2 m or roughly the ring circumference at 50 mK. The resulting values of the phase coherence length from the AB effect differ from the phase coherence length from WAL, which is likely due to the fact that the dephasing process governing the two effects is different [34] .
IV. CONCLUSIONS The ratios of the surface energies of the observed facet surfaces were estimated based on the structural characterization, and the results are qualitatively consistent with theoretical predictions for both
In-rich and As-rich growth conditions. STEM/TEM of cross-sections perpendicular to the ridge direction and cross-sections along the ridge direction further reveals the atomic structures of interfaces between the 
